Purpose: Sixty percent of myeloma patients develop pathologic fractures, with the majority occurring in the spine or ribs. The purpose of this study was to determine whether trabecular microstructural analysis can be used to predict new pathologic spinal fractures in myeloma patients.
Introduction
Sixty percent of myeloma patients develop pathologic fractures, with the majority affecting the spine or ribs [1, 2] . Patients with myeloma-associated vertebral fractures suffer from poorer quality of life than patients without fractures [3, 4] and have been shown to have a significant reduction in overall survival [5] .
In myeloma patients, reduced lumbar spine bone mineral density (BMD) correlates with increased risk for early vertebral fractures [6] . This makes dual-energy X-ray absorptiometry a valuable test because it may also influence the decision to begin bisphosphonate treatment, which can produce a 5-10% improvement over a 6-month period [7] . Although bone strength and fracture susceptibility are governed in large part by areal BMD, many other structural and material properties of bone, including microarchitecture, contribute considerably and independently to fragility [8] [9] [10] .
Recently, high-resolution peripheral quantitative CT [11, 12] and multidetector CT (MDCT) [13, 14] have been used noninvasively to visualize the details of trabecular microarchitecture. In 2014, spinal microarchitecture and mechanical properties were examined in 74 patients with multiple myeloma using 64-detector row CT [15] . They obtained von Mises equivalent stress as failure load (FL), stiffness, microstructural parameters, and BMD, and they showed that patients with lower FL, stiffness, and BMD had a higher prevalence of vertebral fractures than other patients.
Nine patients had one new fracture, three patients had two new fractures, one patient had three new fractures, and one patient had four new fractures.
Fracture definitions
All spinal levels on each exam from C2 to L5 were evaluated for the presence or absence of fractures and focal lesions. The Genant criteria [18] were used to identify and classify fracture types and grades as: "A", anterior wedge; "B", mid end-plate deformity, or "C", posterior wedge/crush. Genant grades were assigned as: grade 1, < 25% deformity; grade 2, deformity between 25% and 40%; and grade 3, deformity > 40%.
Imaging by MDCT
Bone lesions and extraskeletal disease were evaluated by wholebody non-contrast-enhanced CT according to the 2009 International Myeloma Working Group consensus statement [19] . The methods used to obtain trabecular microstructural indices have been described elsewhere [13] . Briefly, the whole body was scanned using the same CT unit and protocol as the specimen study described above. The three vertebrae that included the one vertebra that would become fractured and the two adjacent vertebrae were analyzed.
To obtain tissue BMD (tBMD) data by MDCT, the patients were scanned simultaneously with a bone mineral reference phantom (B-MAS2000; KYOTOKAGAKU Co., Kyoto, Japan) containing calibration objects with equivalent densities of 0, 50, 100, 150, and 200 mg/cm 3 calcium hydroxyapatite.
MDCT-based microstructural analyses
For microstructural analyses, the volume of interest (VOI) was defined manually as a 10 mm thickness of the central part of the vertebral body to avoid the cortex, the basivertebral foramen, and both endplates. The VOI was chosen in axial, reformatted sagittal and coronal planes to ensure that the sections were parallel to the endplates. Microstructural parameters were calculated using the same computer program as the specimen study, as described elsewhere [11] . A calibration curve to convert Hounsfield units of CT images to BMD units (g/cm 3 ) was generated using the bone mineral reference phantom. The calibration curve could subsequently be used to obtain BMD units for bone imaged with the CT systems. Using a volumetric BMD value for trabecular bone, > 178 mg/cm 3 within the bone marrow was extracted. Then, this threshold level was adopted for all extractions of cancellous bones. The following trabecular microstructural parameters were obtained: apparent trabecular bone volume fraction (app BV/ TV), apparent trabecular thickness (app Tb.Th), apparent trabecular number (app Tb.N), apparent trabecular separation (app Tb.S), Euler's number, degree of anisotropy, and the structure model index (SMI). Details of these methods are described elsewhere [14] .
MDCT-based finite element analysis
Finite element modeling (FEM) was performed using a computer program for a 3D image analysis system (TRI/3D-BON; RATOC System Engineering, Tokyo, Japan), which separates the VOI into the cortical and trabecular bone portions. Three-dimensional (3D) finite element models were constructed from the CT data. A global threshold algorithm was used to extract the bone area with a threshold of 178 mg/cm 3 . Materially nonlinear finite element analyses were performed. In FL analysis, von Mises stress > 68 MPa was defined as the stress that induces trabecular fracture. FL was determined to the level that induces fractures in 2.8% of trabecular bone. A finite element model was created using a 0.2 mm isometric hexagonal mesh from pixels that constituted the trabecular bone [20] . Octahedral elements were adapted to represent the smooth surface. For trabecular bone, Young's modulus was determined using Carter's equation and the volumetric BMD value [21] . Poisson's ratio was set as 0.3 for all trabecular bone. The distal part of vertebral trabecular bone was fixed, and compressed simulation was applied at a load of 500 N from the proximal section.
Although CT scanning has proven to be superior in estimating fracture risk and instability to conventional X-rays [16] , no longitudinal study has examined the occurrence of new vertebral fractures using clinical MDCT. The aim of the present study was to determine if certain cutoff values obtained from clinical MDCTbased microstructural and finite element analyses could be used in myeloma patients to predict pathologic fractures.
Materials and Methods

Participants
This retrospective, single-institution study was approved by an Institutional Review Board, with a waiver of informed consent.
The records of patients who had received whole-body MDCT for assessment of multiple myeloma were analyzed from 2009. The criteria used for the diagnosis of multiple myeloma were taken from the classification of the International Myeloma Working Group [17] . Then, all relevant images and reports were reviewed retrospectively to identify patients with at least one spinal fracture. All imaging studies relevant to the spine were retrospectively reviewed by one physician (M.T., 22 years of expertise in spinal imaging). Demographic information evaluated included patient age, concurrent chemotherapy, and years since diagnosis, time between two CT examinations, use of zoledronic acid, and response to chemotherapy (Table 1) .
A total of 76 patients had concurrent MDCT imaging and a report of fracture. Of these patients, 4 men and 10 women met the inclusion criteria of at least one new vertebral fracture between two sequential MDCT examinations. Age ranged from 52 to 73 years, with an average of 62 years. These patients had a total of 114 MDCT examinations.
All patients had concurrent chemotherapy during two CT examinations. These regimens included melphalan-prednisonebortezomib, doxorubicin-vincristine-dexamethasone, bortezomibcyclophosphamide-dexamethasone, cyclophosphamide, and vorinostat. Patient treatment followed the standard practice at our institution. After initial treatment, patients received maintenance therapy with bortezomib or lenalidomide with or without zoledronic acid, as deemed appropriate by the treating physicians. Seven patients in the present study had concomitant zoledronic acid during the same periods. Ten of 14 patients had a partial response to chemotherapy. 
Areas of lytic lesion measurements
Areas of lytic lesions were obtained by manually drawn regions of interest in the axial images that contained the largest lytic lesions for each of the three vertebrae.
Statistical Analysis
Tissue bone mineral density (tBMD), trabecular parameters, and mechanical properties were calculated for three vertebrae, comprising a vertebra that would become fractured and the two adjacent vertebrae. Trabecular microstructural indices were expressed as ratios to mean values from the three vertebrae.
For data analysis, univariate analysis was used to compare indices between vertebrae that would develop fractures and those that would not. Multivariate logistic regression analyses and receiver operating characteristic (ROC) curves were also used.
Variables showing values of P < 0.05 on univariate analysis were included in the multivariate analysis. The cutoff value to predict pathologic fractures was determined by ROC analysis.
All analyses were performed with a spreadsheet application (Microsoft Office Excel 2010, Redmond, WA). Values of P < 0.05 were considered significant.
Results
Fractures
There were 22 new vertebral body fractures identified, with an average of 1.6 per patient (range 1-4). The distribution of the fractures is shown in table 2. Most fractures involved the lower thoracic and lumbar levels. The "Genant" B2-type of fractures was the most common (7 fractures), followed by A2-and A3-type fractures (6 fractures). 
MDCT-based microstructural analysis and finite element modeling
In table 3, tBMD, microstructural parameters, and FL of the 2 groups (vertebrae that would fracture and vertebrae that would not fracture) are summarized. Area of lytic lesions, app Tb.S, and SMI were significantly higher in the vertebrae that would fracture than in the vertebrae that would not fracture. Tissue BMD, App BV/TV, and FL were significantly lower in the vertebrae that would fracture than in the vertebrae that would not fracture. There were no significant differences in app Tb.N, app Tb.Th, Euler's number, and degree of anisotropy between the 2 groups.
The following factors were introduced in multivariate analysis: lytic lesion, tBMD, app BV/TV, app Tb.S, SMI, and FL. Multivariate analysis identified area of the lytic lesion, tBMD, and FL as significant predictors of pathologic fractures ( Table 4 ).
The AUC having the highest discriminatory power to distinguish vertebra that would become fractured from those would not was FL (AUC = 0.779; 95% confidence intervals (CIs, 0.647, 0.876), with an optimal cutoff value of -9.4%; the sensitivity and specificity were 72.7% (CIs, 0.603, 0.852) and 82.5% (CIs, 0.619, 0.982), respectively (Table 5 and Figure 1 ). The AUC for tBMD was 0.641 (CIs, 0.598, 0.846), with an optimal cutoff value of -0.56%; the sensitivity and specificity were 68.2% (CIs, 0.549, 0.815) and 80.0% (CIs, 0.598, 
Discussion
Osteoporosis is a chief manifestation of myeloma and up to 90% of patients with myeloma develop vertebral complications such as fractures [22] . Although several independent prognostic markers have been identified to predict overall survival and progression from asymptomatic myeloma to symptomatic myeloma, vertebral fractures are still difficult to predict.
Several reports describe the use of radiological procedures to predict pathologic fractures at a variety of skeletal sites in myeloma patients [23, 24] . MRI can also be used to predict the risk for vertebral fracture. Patients with advanced myeloma with more than 10 lesions on spinal MRI had a 6-to 10-fold higher risk of fracture than patients who had a normal appearance or fewer than 10 lesions on MRI [25] . Recently, Merz et al. performed dynamic contrast-enhanced MRI of the lumbar spine in 131 myeloma patients to acquire amplitude A and exchange rate constant kep [22] . They demonstrated that higher baseline kep values were associated with decreased vertebral height on a second MRI, and A values were associated with new vertebral fractures in the lower lumbar spine. Their scheme to predict the risk of fracture by spinal level, which had not been reported in the literature, is useful and practical in the follow-up of myeloma patients. However, care should be taken when using contrast agents in myeloma patients because patients with reduced renal function are at risk of developing nephrogenic systemic fibrosis after contrast-enhanced MRI.
In 2011, Mulligan et al. reported that the combination of diffuse or multifocal MR patterns and standardized uptake value > 3.5 was seen at 7 vertebral levels, all but one with new pathologic fractures [26] . However, performing these two modalities is expensive and sometimes is not covered by insurance. Although a previous study has shown that clinical MDCT was useful for the prediction of subsequent fractures after vertebroplasty [27] , prediction of vertebral fractures by clinical MDCT in multiple myeloma has not been described previously, and it might have clinical implications for treatment planning in cases of impending fractures.
As the present results have shown, a FL cut off of -9.4% below the mean value was helpful for identifying at-risk vertebral levels in myeloma patients. In the present series, 16 of 22 vertebral levels that had a FL deviation < -9.4% from the mean value had a new fracture within a mean time of 9.4 months. The remaining six vertebrae had fractures with a FL deviation > -9.4% from the mean value. The information on lytic lesions in the vertebrae may also be helpful to predict the likelihood of impending fracture development. Five of six vertebrae that would fracture and had FL deviation > -9.4% from the mean value had visible lytic lesions. None of 16 vertebral levels with a FL deviation > 5% and no lytic lesions fractured. These results show that vertebral bodies that do not have a lytic lesion might fracture, and MDCT-based FEM could predict vertebral fractures by spinal level.
The present study has several limitations, including a relatively small number of new fractures and a lack of pathologic proof of the nature of each vertebral fracture. Although diagnosis in all of our patients was confirmed by obtaining bone marrow samples of the iliac crest, there may be some heterogeneity of tumour infiltration among bones. We acknowledge that it may have some effect on our findings. In addition, the speed of bone loss might have been different in each patient because of the diversity of concomitant chemotherapy. Seven patients in the present study had concomitant zoledronic acid during two CT examinations. The use of zoledronic acid could improve bone strength but the small number of patients with new vertebral body fractures did not allow us to evaluate the difference of trabecular indices between the patients with or without zoledronic acid. No recommendation regarding follow-up interval cannot be made. A larger, longitudinal study would allow a more precise prediction of new pathologic fractures in myeloma patients.
Conclusion
The present results indicate that vertebrae with FL of < -9.4% compared to two adjacent vertebrae and lytic lesions of > 16 mm 2 are at risk of imminent fracture. Early intervention may prevent or delay the development of a fracture. If larger prospective studies confirm this association, preventive measures such as bisphosphonates should be considered regardless of presence of osteolytic bone lesions on CT. Radiotherapy or vertebroplasty could also be considered to try to avoid the development of a pathologic fracture.
